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We describe a new class of nanoscale structured metals wherein the effects of quantum con- 
finement are combined with dispersive metallic electronic states to induce modifications to the 
fundamental low-energy microscopic properties of a three-dimensional metal: the density of states, 
the distribution of Fermi velocities, and the collective electronic response. 



Quantum confinement in zero, one and two dimen- 
sional semiconductor and metallic nanostructures has en- 
abled an enormous range of condensed matter physics 
and materials science over the past two decades. The ba- 
sic electronic property of a semiconductor, the bandgap, 
can be tuned continuously via quantum confinement 
in nanoparticles. In contrast, the fundamental defin- 
ing property of a metallic Fermi liquid, the Fermi sur- 
face, is lost in a quantum dot, since confinement cre- 
ates nondispersive electronic states. Although dispersive 
low-energy states can be recovered in low dimensional 
metals such as nanowires and two-dimensional electron 
gases, the degrees of freedom in the confined and non- 
confined directions typically decouple, so that the di- 
rect effects of quantum confinement are restricted to the 
confined dimension(s) and often have relatively minor 
effects on the single-particle dispersion along the non- 
confined direction. Here we propose a new class of ma- 
terials that combine quantum confinement with a con- 
tinuum of three-dimensional delocalized, dispersive elec- 
tronic states through the infiltration of metal atoms into 
a three-dimensional colloidal lattice (see Fig. The 
resulting system has a hierarchy of periodicities: the un- 
derlying atomic structure resides within the larger-scale 
periodic colloid; hence the term "meta-lattice." This 
meta-lattice exploits finite size effects to tune the fun- 
damental low energy {i.e., near Fermi energy) properties 
of the metallic state. 

Colloidal crystals on the scale of optical wavelengths 
have been used as scaffolds for the infiltration of di- 
electrics into the ordered pore structure to create pho- 
tonic materials. Here we consider a new regime by ex- 
tending these colloids to the 1 — 10 nanometer scale 
and studying infiltration with metals. Electrochemical 
deposition, pressure-induced filling, and iterative chem- 
ical reduction of metallic salts are all being exploited 
to infiltrate colloidal systems with metal atoms. Such 
systems are just starting to be produced at nanometer 
length scales: for example, Pt has recently been infil- 
trated into colloidal crystals composed of 30 nm silica 
spheres with prospects for extension to smaller sizes [n|. 



As yet, no theoretical treatment exists for the electronic 
properties of these ordered nanoscale infiltrant metals. 
We demonstrate here that these three-dimensional metal- 
lic meta-lattices induce several new physical effects such 
as: (1) Fermi velocity shadowing, wherein the ordered 
interconnecting necks within the structure induce pro- 
nounced modifications into the distribution of Fermi ve- 
locities; (2) Bifurcation of the electronic states into two 
intimately interspersed yet distinct ladders of strongly 
and weakly dispersive states, a separation which affects 
the optical response, transport, and the density of states 
at the Fermi level; (3) The potential for a rich interaction 
of the large-scale (i.e. colloidal) structural order param- 
eter with other order parameters of the metallic compo- 
nent (e.g. characteristic superconducting length-scales, 
etc.). 

Each of the effects discussed above applies across a 
wide class of metals. For the purposes of an initial 
case study, we focus on an archetypal example: a face- 
centered-cubic (fee) lattice of insulating colloidal spheres, 
a typical closed packed structure, which is infiltrated with 
aluminum (see Fig. |l]). Although aluminum is not the 
easiest metal to infiltrate experimentally, its simple elec- 
tronic structure and theoretical tractability make it a 
useful "canonical metal" j^] that can clearly elucidate 
the generic features of the new physics. We assume that 
the aluminum atoms also crystalize in the fee structure 
inside of the interstitial regions of the lattice, similar 
to the structures of Al clusters For computational 
convenience, we have chosen the colloidal and Al lat- 
tices to be in alignment; (but note that our main results 
arise from the large-scale geometry of three-dimensional 
confinement, not the detailed atomic- level structure of 
metal). In this initial investigation we do not explicitly 
treat surface reconstructions, which are in any case much 
less extensive in metallic systems than in e.g. covalently- 
bonded semiconductors. We describe disorder through 
both a phenomenological broadening and also a random 
variation in the on-site energies. Later we discuss the 
differential sensitivity of various phenomena to disorder. 

We compute the electronic structure with an empir- 
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ical s,p, d-orbital tight-binding method whose parame- 
ters are obtained by fitting to the bulk band structures 
of Wiirde et al. Q . We construct the systems of study 
by removing, from the bulk, Al atoms that fall within 
the colloidal particles. The resulting aluminum structure 
then comprises octahedral and tetrahedral Al islands in- 
terconnected by thin metallic necks. The volume ratio 
of aluminum, x (= VAi/Vtot) is roughly 1 - 
with R the radius of colloidal spheres and L the lattice 
constant of meta-lattice cubic unit cell. In the physically 
relevant limit of touching colloidal spheres, x ~ 0.26 with 
R = L/2V2. For computational reasons, we restrict the 
study to systems up to the 12 x 12 x 12 meta-lattice, 
although many of the effects discussed will persist up to 
larger sizes. 

Remarkably, instead of narrowing uniformly across 
all bands, the electronic structure forms sets of very 
weakly dispersive states which are interconnected by 
more strongly dispersive bands. Fig. ^ shows the elec- 
tronic structure around the Fermi energy for an L = 3.6 
nm colloidal lattice containing a 9 x 9 x 9 Al meta-lattice 
at x = 0.27. The weakly dispersive states occupying re- 
gions around e.g. —0.05 ^ 0.00 and 0.08 ^ 0.1 eV are 
interconnected by bands of substantially more dispersive 
states. This classification is also seen in real space: the 
weakly dispersive states predominately occupy the interi- 
ors of the tetrahedral and octahedral islands, whereas the 
dispersive states occupy the surfaces and interconnecting 
necks. The weakly dispersive states evolve smoothly into 
the localized states of an isolated quantum dot as the lat- 
tice connectivity is reduced through e.g. expanding the 
colloidal spheres (theoretically) until they interpenetrate 
and cut off the necks. Since the islands contain many 
more atoms than the necks, most electrons propagating 
in an island will reflect from the necks and thereby ac- 
quire only weak dispersion. The weakly dispersive states 
(which are likely to localize under disorder) then form 
a set of broadened levels with a granularity which is af- 
fected by the size of the islands and the point symme- 
try of the meta-lattice. In contrast, the more strongly 
dispersive states form a new class of confined electronic 
wavefunctions which do not have an analogue in quantum 
dots. 

This granularity in the weakly dispersive manifold pro- 
duces strong modulations in the density of states at the 
Fermi level, even under the influence of a moderate (~ 0.2 
eV) phenomenological disorder-induced broadening 
The main plot in Fig. || illustrates this effect by showing 
the evolution of the density of states as colloidal spheres 
of variable size but fixed spacing are introduced into the 
meta-lattice. (Note that the intermediate values of x are 
not experimentally accessible, since the spheres are not 
touching; instead they provide a well-defined means to 
understand the effects of variable quantum confinement 
at a fixed colloidal lattice constant). The calculation cov- 
ers 89 k-points in the irreducible first Brillouin zone with 



a Lorentzian broadening of 0.2 eV (full width at half max- 
imum) to describe disorder and thermal smearing. The 
familiar nearly free electron-like density of states of bulk 
aluminum (bottom curve) is only slightly changed by the 
introduction of periodic voids in the Al lattice at a vol- 
ume density of 1 — a; = 0.52. However, when the colloidal 
spheres touch aX x = 0.27, the density of states changes 
significantly and displays peaks (arising from the weakly 
dispersive states) around Ep. Statistically, the Fermi en- 
ergy tends to fall near such a peak because such states 
represent the majority of available states (i.e. the necks 
compose only a small fraction of the total atoms) and a 
random filling of the bandstructure will tend to locate the 
Fermi level in a peak (we neglect the effects of structural 
relaxation here). The inset shows the variation in the 
Fermi-level density of states as the volume filling fraction 
is decreased from the bulk lattice {x = 1.0) to the case of 
touching colloidal spheres {x — 0.27). As expected, the 
density of states shows a general trend towards higher 
values at smaller volume fraction. The effect, even under 
significant (^0.2 eV) disorder broadening, can be dra- 
matic: at a; = 0.27 the density of states at the Fermi level 
is more than twice the bulk value. The specific width of 
disorder broadening will depend on the detailed charac- 
teristics of any given sample; regardless, it is surprising 
and encouraging that the granularity can survive a broad- 
ening which is many times the level spacing expected for 
quantum dots of similar size. 

The bifurcation of the bulk electronic structure into the 
weakly and strongly dispersive states of the meta-lattice 
also has pronounced consequences for the collective elec- 
tronic response. The plasma frequency, Wp, can be cal- 
culated from the sum rule for the optical conductivity 
cr(w): 

/ a{u)doj = uol/^, (1) 

where — Airne'^ /m* with n the charge carrier density 
in a naive kinetic model. For the bulk lattice, we ob- 
tain Wp = 16.3 eV, in good agreement with experiment 
The infiltrated Al meta-lattice has a much reduced 
plasma frequency: 7.2 and 6.6 eV for 6 x 6 x 6 and 9x9x9 
meta-lattices, respectively. The ratio of effective charge 

carriers, nmcta-iat/nbuik = ^^p,meti,-ii,t/^lhuik = 0-19 
and 0.16 respectively, cannot be ascribed solely to the 
reduced volume fractions of x = 0.35 and 0.27. Instead, 
the large reduction demonstrates that roughly half of the 
charge carriers in the infiltrated metal do not participate 
significantly in this aspect of the collective optical re- 
sponse due to a strongly enhanced effective mass. Since 
the two classes of electronic states are intimately inter- 
spersed in energy, they arc unlikely to decouple into dis- 
tinct plasmons, as would be the case for e.g. a and tt 
plasmons in carbon. 

The strongly anisotropic lattice connectivity within the 
infiltrated colloid also causes qualitative changes to the 
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pattern of Fermi velocities around the Fermi surface of 
the metal infiltrant. Fig. ||(a) shows the Fermi veloci- 
ties for bulk Al projected onto a unit sphere. We have 
weighted each Fermi velocity vector with its magnitude 
and then smeared slightly to obtain a continuous dis- 
tribution. The Fermi velocity of bulk Al is largest (dark 
region) along the body-diagonal direction. In contrast, as 
shown in Fig. |^(b) , the Fermi velocities in the infiltrated 
9 X 9 X 9 Al meta-lattice concentrate along (1,0,0) direc- 
tions. The remarkable inversion, i.e. shadowing, in the 
distribution of Fermi velocities between the bulk and col- 
loidal lattices arises because the electron transport in the 
infiltrated metal is greatly hindered by the large unpene- 
trable colloidal spheres which suppress the Fermi velocity 
strongly along the body-diagonal directions. The non- 
dispersive states are effectively filtered out from electron 
transport and the dispersive states dominate the Fermi 
velocity distribution. Since the dispersive states predom- 
inately occupy the surface and necks, the symmetry of 
the Fermi velocity distribution is primarily determined 
by the overall connectivity of the metal surface, although 
its details are sensitive to the atomic-scale structure of 
the surface. We expect these qualitative features to hold 
regardless of lattice alignments or the lattice structure of 
metal infiltrant so long as the size of the colloidal lattice 
is smaller than relevant length-scales in the metal (e.g. 
the mean free path). 

Interesting phenomena also appear in the optical con- 
ductivity, even within a simplified isotropic phenomeno- 
logical model of the scattering (see Fig. ^). For simplic- 
ity, we choose a uniform scattering rate 1/r = 0.1 eV; 
this choice isolates the effects of the modified Fermi-level 
states from those due to possible confinement /surface- 
induced modulations in scattering processes . (A more 
complete treatment of scattering might reveal new struc- 
ture in the frequency dependent conductivity as e.g. vf/i-^ 
approaches the colloidal lattice constant). For the bulk 
lattice, the intraband Drude peak dominates, while the 
first two interband transitions (the first one is buried un- 
der the Drude peak) give additional structure which is 
also in good agreement with experiment |^,^. Despite 
the large number of states, the weakly dispersive states 
contribute only weakly to the optical conductivity due 
to their small Fermi velocity. Transitions between the 
dispersive states dominate the optical conductivity. 

These new phenomena in the bulk-confined ordered 
metallic state have variable sensitivity to disorder, in- 
cluding atomic-scale displacements, variations in col- 
loidal particle size, and grain boundaries within the metal 
or colloidal template. The detailed structure of particu- 
lar bands as presented here is the feature most sensitive 
to disorder, as fluctuations on the order of the (folded) 
bandwidth are likely inescapable in the real systems. 
However, the coarsened separation of electronic states 
into weakly and strongly dispersive states persists over 
the entire multi-eV bulk (i.e. unfolded) bandwidth and 



the density of state modulations can survive a broadening 
greatly in excess of the band spacing. As this classifica- 
tion relates to the differential occupation of island and 
neck sites, it is more robust than the details of any sin- 
gle specific band. Similarly, the shadowing of the Fermi 
velocity distribution arises directly from the anisotropic 
meta-lattice connectivity, which is also relatively robust 
under atomic-scale disorder. Finite grain size will smear 
the Fermi surface, but the Fermi velocity symmetry and 
weakly/strongly dispersive character of the states exists 
over the entire Brillouin zone. Note that, as a function of 
colloidal lattice period, different properties approach the 
bulk limit at different sizes: the long-range spatial coher- 
ence over a single band state is destroyed by very weak 
disorder in larger-scale systems, whereas the density of 
states fiuctuations can survive to significantly larger sizes 
(or similarly, larger disorder smearings), and the shadow- 
ing in the angular distribution of the electronic dispersion 
can also persist to larger colloidal-lattice periodicities. 

Particularly intriguing properties emerge as the lattice 
constant of the infiltrant (and the associated structural 
order parameter) approaches other characteristic length- 
scales in the metal. For example, at larger colloidal sizes 
(several hundred Angstroms and higher) where many of 
the atomic-scale electronic modulations described above 
will begin to wash out, the coUodial lattice structural or- 
der parameter will begin to interact richly with e.g. char- 
acteristic superconducting length-scales such as the pen- 
etration depth, with potentially fascinating consequences 
for the magnetic response of meta-lattice type I or type 
II superconductors. In addition, across a range of length- 
scales the electron screening and transport response will 
be sensitive to the physical and chemical configuration 
of the surface and interstitial spaces. Since the original 
colloidal lattice can be etched away, this newly liberated 
interstitial space within the metallic meta-lattice is avail- 
able for surface functionalization or second infiltration, 
both of which could be reversible in certain cases (i.e. 
for a fiuid infiltrant). For example, a backfilling infiltra- 
tion with a dielectric medium into an open metallic meta- 
lattice would modulate the electron-electron interaction, 
particularly across the void regions. The single-particle 
bandstructure results given here provide a base of under- 
standing towards further study of this fascinating class 
of materials. 
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FIG. 1. A face-centered-cubic lattice of insulating col- 
loidal spheres which has been infiltrated with (much smaller) 
metal atoms. The colloidal spheres are shown as nearly touch- 
ing with a volume ratio of Vai /Vtotai~'27%; they contain a 
12 X 12 X 12 three dimensional hierarchical superlattice, or 
meta-lattice, of metal atoms. The cross-section of a neck (not 
easily visible above) contains about 10 metal atoms. 
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FIG. 2. Band structure along symmetry directions for a 
9x9x9 meta-lattice with touching colloidal spheres. Local- 
ized states over energies e.g. 0.0 ^ —0.05 and 0.08 <-» 0.1 eV 
come from interior sites in Al clusters. Delocalized states in- 
terconnecting localized states have significant density on sur- 
face and neck sites. The Fermi energy is set to eV. 
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FIG. 3. Density of states for varying colloidal radii for a 
9x9x9 meta-lattice. The main plot shows the emerging peaks 
with decreasing volume ratio x (= VAi/Vtot). With touching 
colloidal spheres {x = 27 %), the DOS peaks due to nearly lo- 
calized states. The DOS at the Fermi energy {Ef ~ 0) tends 
to increase with increasing x (inset). 
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FIG. 4. (a) Bulk aluminum Fermi velocities projected 
onto a unit sphere with the intensity proportional to the mag- 
nitude oi vp. The Fermi velocity is largest along the body di- 
agonal direction, (b) A similar plot for a 9 x 9 x 9 meta-lattice 
with touching colloidal spheres: the shadow of (a). Dispersive 
bands contribute to the Fermi velocities along (1,0,0) direc- 
tions. The Fermi velocity along (0, 0, 0) is strongly suppressed 
due to intervening colloidal particles. 
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FIG. 5. Optical conductivity for a bulk Al lattice and 
meta-lattice with scattering rate h/r — 0.1 eV. In the col- 
loidal lattice the intraband contribution, (i.e. the Drude part), 
is strongly reduced due to non-dispersive states. The oscillat- 
ing tail for bulk Al is an artifact of finite k-mesh. 
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